Optical polarimetry in the anterior chamber of the eye has emerged as a potential technique to non-invasively measure glucose levels for diabetes. Time varying corneal birefringence due to eye motion artifact confounds the optical signal ultimately limiting the polarimetric technique from accurately predicting glucose concentrations. In this study, a high speed dual-wavelength optical polarimetric approach was developed and in vitro phantom studies were performed with and without motion. The glucose concentrations ranged from 0-600 mg/dL at 100 mg/dL increments. The polarimeter produced glucose measurements with less than a 10 msec stabilization time and yielding standard errors of less than 10 mg/dL without motion and standard errors less than 26 mg/dL with motion. The results indicate a high speed dual-wavelength polarimetric approach has the potential to be used for non-invasive glucose measurements.
INTRODUCTION
Diabetes is a serious health issue and is a major cause of heart disease and stroke leading to diabetes being ranked as seventh for leading cause of death in the United States [1] . Overall, the risk for death among people with diabetes is approximately double that of similarly aged individuals without diabetes [1] . Many discrete and continuous glucose monitors exist that allow diabetes patients to maintain regular control over blood glucose levels [2] , but these sensors are invasive and can be painful, cumbersome, embarrassing, expensive, and potentially lead to infection. The majority of existing commercial glucose sensors also result in biological waste products such as disposables containing traces of blood. Our group uses optical polarization to noninvasively monitor aqueous humor glucose levels which have been shown to be directly correlated to blood glucose concentrations [3] [4] [5] [6] [7] [8] [9] [10] .
Jean Baptiste Biot first discovered, through observation that certain molecules, organic substances, would cause linearly polarized light's plane of polarization to rotate. He named these molecules optically active [11] . The interaction between an optically active medium and polarized light passing through the medium can be described in the following equation:
[ ] = (1) where [α] λ is the specific rotation of the optically active molecule at a given wavelength (λ) that is equal to the observed rotation, α, divided by the sample path length, L, and concentration, C [11] . Optical polarimetry has since been used to characterize glucose levels in industry settings. In the 1950s, the sugar industry first became interested in using Faraday modulation to increase the root-mean-square function and stability of their optical polarimeters for glucose sensing [12] . These advances in instrumentation have made it possible to measure small rotations at physiological glucose levels. Thus, in the 1980s, optical polarimetry was first utilized for the purpose of physiological glucose monitoring [7, 10] . March and Rabinovitch chose the eye as a suitable sensing location for glucose measurement, because it produces minimal scattering and depolarization unlike the skin. However, the eye also has its own set of complications for optical sensing [7, 10] . For example, the cornea is birefringent causing linearly polarized light to become slightly elliptical [13] . Eye motion artifact, due primarily to respiration and cardiac cycles, causes both the birefringence and path length of the optical signal described in Equation 1 to vary with time.
Malik et al. proposed a closed-loop dual-wavelength polarimetric approach that could compensate for time-varying birefringence, but the system compensation response time was relatively slow due to the filtering from the lock-in amplifiers and a large air-core Faraday modulator [6] . Pirnstill et al. proposed a high-speed polarimetric method with decreased compensation time; however, this single wavelength design was tested on a static glucose sample and did not account for time-varying birefringence [14] . In this report, we present a high-speed dual-wavelength polarimeter capable of compensating for time-varying birefringence through improved system response speed. 
MATERIALS AND METHODS
The experimental dual-wavelength optical polarimeter setup consists of a high-speed Faraday modulator and dual polarimetric optical compensation for a closed-loop configuration, as shown in Figures 1 and 2 below. As shown in Figure 1 , the dual-wavelength optical sources utilized in the setup were two laser diodes (Power Technology, Inc., Little Rock, Arkansas) at wavelengths of 635 nm and 830 nm with emission power at 7 mW and 20 mW respectively. The beams are first minimized and collimated with a converging and then diverging lens in order to pass through the Faraday modulator (FM) with minimal losses, scattering, and diffraction. The beams then each pass through 1:100,000 Glan-Thompson linear polarizers (LP) (Newport, Irvine, California) and become linearly polarized in the horizontal orientation. The two linearly polarized beams then pass through their own in-house built Faraday rotators (FC) that provide compensation for closed-loop operation. These Faraday rotators are constructed from terbium-galliumgarnet (TGG) crystals (Deltronic Crystals, Inc., Dover, New Jersey) inside bobbins wound with electrical coils. Optical crystals were made of TGG because it provides a higher Verdet-constant without sacrificing a significant amount of the optical signal transmitted through the material. The two beams are combined using a beamsplitter/combiner (BS) (Optosigma Corp., Santa Ana, California). The polarization vector of both beams are then modulated using a Faraday modulator (FM) set at a frequency of ~37 kHz with a modulation depth of ~±1 degree. The Faraday modulator consists of a high permeability ferromagnetic core to enhance the amplitude and uniformity of the magnetic flux density produced across the air gap which contains a TGG crystal [15] . A combination of 3 capacitors (a 4.69 nF, a 2.18 nF, and a 0.996 nF capacitor) placed in parallel yielding a net capacitance of ~7.85 nF were placed in series with the ferrite based Faraday modulator to achieve resonance at the modulation frequency of ~37 kHz. This modulation frequency was chosen due to the bandwidth of the photodiode wide-band amplifiers (Melles-Griot, Albuquerque, NM). Three high current OPA548F operational amplifiers and two switching power supplies (Dell, Round Rock, TX) drive the Faraday modulator and two Faraday compensation devices. The OPA548F operation amplifiers allow for high frequency and high current modulation and compensation as required with the current Faraday rotator designs. The linear power supplies supplied a total power of ~2.4 W with a current of ~600 mA and a voltage of ~4 V. Following the Faraday modulator, the two beams pass through varying glucose solutions in the physiological range of 0-600 mg/dl contained in a quartz cuvette (Sigma, St. Louis, MO) that was induced with motion at frequencies similar to those that result from human cardiac and respiratory cycles. The cuvette was placed on a computer-programmable translation stage (Thorlabs, Newton, NJ) to produce the simulated motion. The sample was shifted up 0.5 mm and then down 0.5 mm with a velocity of 1 mm/sec. After the cuvette, the beams travel through a second linear polarizer (analyzer) oriented perpendicular to the initial polarizers in the setup. A second beamsplitter/combiner and bandpass filters then split the two beams before the optical detectors. Two photodiodes (PD) (Thorlabs, Newton, NJ) followed by two wide-bandwidth amplifiers a (Melles-Griot, Albuquerque, New Mexico) provide optical transduction and amplification. Following the amplification of the respective signals two lock-in amplifiers (Stanford Research Systems, Sunny-vale, California) with 1 msec timeconstants provided phase-sensitive detection. The 1 msec time-constant setting was utilized on the lock-in amplifiers because it was the fastest the lock-in amplifiers was capable of operating without the reference signal leaking into the lockin amplifier's output signal. A field-programmable gate array (FPGA) based feedback proportional-integralderivative (PID) controller, programmed in LabView 10.0 32-bit (National Instruments, Austin, Texas), was set to update every 100 usec and provides the near real-time closed-loop feedback signal. The outputs of the PID controller were connected to their respective Faraday compensators via individual OPA548F based driver circuits. The driver circuits consist of three OPA548F amplifiers configured in three non-inverting amplifier setups with unity gain and 47 k resistors.
RESULTS AND DISCUSSION
The ferrite based Faraday modulator design shown in Figure 2 allows for faster driving frequencies to be achieved in the dual-wavelength polarimeter without the need for significant increase in power as compared to traditional Faraday modulator designs. Slower Faraday modulation frequencies and/or Lock-in amplifier's time constant settings result in reduced speed of the overall closed-loop system response. A fast system response is preferred because it offers the potential to decrease noise in glucose measurements while collecting a signal over the same duration as lower frequency modulated systems during the presence of time-varying birefringence. The previous dual-wavelength system described by Malik et al. only modulated light at 1.09 kHz and required a 100 msec time constant setting on the lock-in amplifiers, resulting in around 300 msec stabilization for the system [6] . Utilizing the setup described above, a dual-wavelength polarimetric closed-loop system was designed and tested that consisted of an increased Faraday modulation frequency of ~37 kHz, a decreased lock-in amplifier time-constant setting of 1 msec, and a system response stabilization time reduction to less than 10 msec without significant increase in standard error of glucose. To test the repeatability and accuracy of the device, the dual-wavelength polarimeter measured glucose concentrations varying from 0-600 mg/dL in increments of 100 mg/dL over multiple runs without simulated motion similar to testing described by Pirnstill et al. [14] . Using a linear regression model of the data acquired from the high-speed dual-w mg/dL and a These r case of varyi for the end u achieving rep recently crea modulation f lag [6] 
